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Introduction {#sec001}
============

The mammalian olfactory system is comprised of multiple subsystems \[[@pone.0165343.ref001]\]. Canonical olfactory sensory neurons (OSNs) in the mouse main olfactory system (MOS), which respond to a large variety of volatile chemostimuli, express one of approximately a thousand seven-transmembrane odorant receptors along with components of a cAMP-mediated sensory transduction cascade \[[@pone.0165343.ref001]\]. The axons of canonical OSNs terminate within glomeruli across most of the main olfactory bulb (MOB), where they make synaptic contact with local interneurons and projection neurons \[[@pone.0165343.ref002], [@pone.0165343.ref003]\]. However, the MOS also contains several non-canonical OSNs that can be distinguished from canonical OSNs by the chemostimuli to which they respond, the receptors and signaling proteins they use to transduce those stimuli and the connections they make to the MOB \[[@pone.0165343.ref001]\]. For example, OSNs expressing the trace amine-associated receptors (TAARs) appear to otherwise engage the canonical cAMP signaling pathway \[[@pone.0165343.ref004]\]. The axons of TAAR-expressing OSNs target a few glomeruli in a delimited region of the dorsal MOB \[[@pone.0165343.ref005]\]. By contrast, OSNs expressing the type D receptor guanylyl cyclase (GC-D) utilize a cGMP-mediated signaling mechanism to transduce a small number of social chemostimuli \[[@pone.0165343.ref006]--[@pone.0165343.ref008]\]. GC-D-expressing (GC-D+) OSNs also display a unique projection pattern into the central nervous system, terminating in over a dozen "necklace" glomeruli that encircle the caudal MOB \[[@pone.0165343.ref001], [@pone.0165343.ref009]\].

In the canonical MOS, odorant information is processed by lateral interglomerular-interneuron and mitral-granule-mitral pathways \[[@pone.0165343.ref010], [@pone.0165343.ref011]\] ([Fig 1](#pone.0165343.g001){ref-type="fig"}). The interglomerular-interneuron pathway is composed of the projections of short axon neurons in the glomerular layer (GL) \[[@pone.0165343.ref010], [@pone.0165343.ref012]\], while the mitral-granule-mitral pathway involves dendrodendritic synapses between granule cells and mitral cell lateral dendrites within the external plexiform layer (EPL) \[[@pone.0165343.ref011], [@pone.0165343.ref013], [@pone.0165343.ref014]\] ([Fig 1](#pone.0165343.g001){ref-type="fig"}). Both pathways participate in the lateral center-surround inhibition of neighboring glomerular circuits \[[@pone.0165343.ref010], [@pone.0165343.ref011]\]. This suppression of neighboring circuits and neurons is a fundamental strategy used by other sensory systems as a method of enhancing the contrast of patterned input \[[@pone.0165343.ref015]--[@pone.0165343.ref018]\]. While we have a growing understanding of the functional connectivity between canonical glomeruli (CGs), it is unknown whether non-canonical glomeruli in the MOB such as the GC-D+ OSN-innervated necklace glomeruli (NGs) utilize similar strategies for interglomerular processing of olfactory information.

![Interglomerular pathways of the main olfactory bulb circuit.\
Schematic of the main olfactory bulb circuit with the (top) interglomerular-interneuron and (bottom) mitral-granule-mitral pathways highlighted. ONL, olfactory nerve layer; GL, glomerular layer; EPL, external plexiform layer; MCL, mitral cell layer; IPL, internal plexiform layer; GrL, granule cell layer; PG, periglomerular cell; SA, short axon cell; ET, external tufted cell; MC, mitral cell; GC, granule cell.](pone.0165343.g001){#pone.0165343.g001}

The GC-D/necklace subsystem mediates a powerful type of food-related social learning, such as seen during the behavior known as the social transmission of food preference \[[@pone.0165343.ref007]\]. This behavior depends on the simultaneous detection of a food odor by the canonical MOS and one of a few specific semiochemicals, including carbon disulfide and the peptides guanylin and uroguanylin, by GC-D+ OSNs. Mice lacking an intact chemosensory transduction cascade in GC-D+ OSNs fail to acquire the preference \[[@pone.0165343.ref007], [@pone.0165343.ref019]\]. Neuronal tracing from individual NGs suggest extensive interglomerular connections with other NGs, as well as with nearby and distant CGs \[[@pone.0165343.ref007], [@pone.0165343.ref019]\], suggesting that NGs could be an integration site for semiochemical and general odor information. However, it remains unknown whether the anatomical connections of NGs reflect a similar functional connection with other NGs and CGs. Here, we utilized stimulus-induced increases in intrinsic fluorescent signals, along with microsurgical and pharmacological disruptions of neural pathways, to map functional circuits in the olfactory bulb associated with single, identified canonical and necklace glomeruli and assess the potential for GC-D+ OSN-mediated semiochemical signals to be integrated and/or processed with general odor information as early as the first glomerular synapses.

Materials and Methods {#sec002}
=====================

Animals {#sec003}
-------

Olfactory bulbs were harvested from 3--6 week old male and female C57BL6/J mice or B6;129P2-*Gucy2d*^*tm2Mom*^/MomJ (GCD-EGFP) mice, the latter which express a tau-EGFP fusion protein after an IRES element placed downstream of the native stop codon for *Gucy2d* (the gene encoding GC-D). All studies were approved by the University of Maryland, Baltimore IACUC committee.

Olfactory bulb slice preparation {#sec004}
--------------------------------

Olfactory bulb slices were prepared as described in the accompanying paper Uytingco *et al*. (accompanying manuscript, DOI: [0165342](http://dx.doi.org/0165342)). Briefly, animals were anesthetized with saturated isoflurane vapor, decapitated, and the olfactory bulbs surgically removed and placed in 4°C oxygenated sucrose-artificial cerebrospinal fluid (sucrose-ACSF) containing 26 mM NaHCO~3~, 1 mM NaH~2~PO~4~, 3 mM KCl, 5 mM MgSO~4~, 0.5 mM CaCl~2~, 10 mM glucose, and 248 mM sucrose, equilibrated with 95% O~2~-5% CO~2~, pH 7.38. Horizontal slices (380--400 μm thick) were cut with a Leica VT1000 vibratome. Slices were incubated in oxygenated ACSF (containing 124 mM NaCl, 26 mM NaHCO~3~, 3 mM KCl, 1.25 mM NaH~2~PO~4~, 2 mM MgSO~4~, 2 mM CaCl~2~, and 15 mM glucose equilibrated with 95% O~2~-5% CO~2~, pH 7.4) at 30°C for 20--30 min then at room temperature (22°C) in ACSF for \~1 hr prior to use. For imaging sessions, individual slices were transferred to a custom recording chamber and perfused with ACSF maintained at a constant 30°C (Bipolar Temperature Controller, Norfolk, VA) at a rate of 2.5 ml/min.

For surgical microcut experiments, horizontal MOB slices were held in a petri dish lined with 1% agar. Surgical mircocuts were delivered through the olfactory nerve layer (ONL), glomerular layer (GL), and/or external plexiform layer (EPL) using a 15°-angled stab knife (Premier Edge) under a dissecting microscope a strategy first implemented by Aungst *et al*. \[[@pone.0165343.ref010]\]. All surgical microcut procedures were performed on slices submerged in oxygenated ACSF (prior to the 30°C incubation step indicated above). Angled coronal MOB slices were prepared in order to incorporate the necklace glomeruli within the caudal MOB. Isolated brains were vertically cut 60° from the MOB ventral surface, with the cut surface placed on the vibratome stage and cut from the ventral to dorsal surface of the MOB. Resulting coronal slices were incubated in oxygenated ACSF under the same conditions as the horizontal MOB slices. In some experiments, drugs or other compounds were added to the ACSF solution and perfused into the chamber. The pharmacological agent, substrate change, or washouts were perfused into the chamber for 15 min prior to the start of each recording. Pharmacological agents used for the experiments include the GABA~A~ receptor antagonist 4-\[6-imino-3-(4-methoxyphenyl)pyridazin-1-yl\] butanoic acid hydrobromide (gabazine, GBZ).

Stimulation protocol {#sec005}
--------------------

Single glomeruli were stimulated as described in the accompanying paper Uytingco *et al*. (accompanying manuscript, DOI: [0165342](http://dx.doi.org/0165342)). Briefly, single target glomeruli were electrically stimulated at the apical border, within 10--20 μm of the olfactory nerve layer, using a 5 μm tip, pulled theta glass electrode. Unless otherwise indicated, glomeruli received a train stimulus of 100 μA, 50 Hz (pulses/s), 1 ms pulse width, with a train duration of 2 s. This baseline stimulation parameter yielded the most robust and reproducible intrinsic response. All stimulation protocols were delivered through a Cygnus stimulus-isolating unit and driven by a Cygnus PG4000 digital stimulator. For all microcut experiments, test recordings from rostral and caudal stimulations were performed to ensure glomerular circuit integrity. For microcut recordings, the stimulus electrode was placed on the caudal side of the microcut to reduce the potential of in passage nerve fiber stimulation on the lateral signal spread. NGs were identified based on the presence of GFP. Unless otherwise indicated, MOB slices received a standard train stimulus (1 s) of 100 μA, 50 Hz (pulses/s), 1 ms pulse width.

Intrinsic flavoprotein and NAD(P)H imaging {#sec006}
------------------------------------------

Imaging of flavoprotein and NAD(P)H fluorescence was performed as described in the accompanying paper Uytingco *et al*. (accompanying manuscript, DOI: [0165342](http://dx.doi.org/0165342)). Briefly, images were collected using a Retiga EXi CCD camera (QImaging) attached to an epifluorescent microscope (Olympus BX51WI) equipped with a 10x water immersion objective lens (0.30 NA) or a 4x lens (0.13 NA) with a customized water immersion adaptor. Standard emission/excitation cubes optimal for flavoprotein (excitation: 430--500 nm; emission: 520--590 nm) or NAD(P)H (excitation: 300--400 nm; emission: 430--500 nm) were used. In order to limit potential phototoxic effects of 100W mercury lamp light exposure, neutral density filters were installed in the illumination path. For flavoprotein imaging, no filter was used for imaging at 4x, while a 0.3 optical density filter was used for imaging at 10x. To limit the more harmful 300-400nm excitation light in NAD(P)H imaging, 0.3 and 0.6 optical density filters were used for imaging at 4x and 10x, respectively. All images were acquired through the Matlab Image Acquisition Toolbox (Mathworks, Matlab v2011b) at 2 frames/s (500 ms exposure) at 360x260 pixel (px) resolutions (using 4x4 hardware binning). The images were subsequently processed and analyzed on a pixel-by-pixel basis using the Matlab Image Processing Toolbox (Mathworks, Matlab v2011b) using script modified from Theyel and colleagues \[[@pone.0165343.ref020]\]. The first 10 pre-stimulus frames were used to determine the relative fluorescence intensity (ΔF/F) or \[(F~n~--F~m~)/F~m~\] for each recording trial. For each stimulus parameter or treatment condition, 3--5 repeated trials were averaged prior to signal quantification. Nonspecific background fluorescence and fluorescent bleaching were removed by subtracting non-stimulus ΔF/F recordings from the stimulus ΔF/F recordings. For all displayed images, the processed ΔF/F images were overlaid on top of the static raw fluorescent image. The pixel value for the ΔF/F images were scaled and cutoff at minimum 0% and maximum 4--5% ΔF/F for intrinsic flavoprotein imaging. For intrinsic NAD(P)H imaging, ΔF/F images were scaled and cutoff at minimum -4% and maximum 0% ΔF/F, represented in inverse colors.

Data analysis {#sec007}
-------------

Flavoprotein and NAD(P)H signal analyses were performed after repeated sweep recordings were averaged and background subtracted. Point region of interests (ROIs) were 5x5 pixels (50x50μm) for recordings at 4x magnification. Glomerular layer (GL) ROIs were positioned at the center of the stimulated glomerulus. External plexiform layer (EPL) ROIs were directly below the glomerular ROI and midway between the apical and basal EPL borders. For neighboring ROI analyses, ROIs were selected 360 μm (center to center) either rostral or caudal to the central GL or EPL ROIs. Signal amplitudes, full duration at half-maximal (FDHM) was determined based on the GL and EPL ROI traces, using a custom MATLAB script. When available, the analyses were performed on both the stimulus-dependent light and dark phases. Unless otherwise specified, repeated measures analysis of variance (RM-ANOVA) was performed for all experimental conditions followed by Tukey pairwise comparison post-hoc test. All statistical analyses were performed in Sigmaplot (Sigmaplot v12). Vertical and horizontal heat maps were generated using vertical and horizontal ROIs at 5 px (50 μm) width. Horizontal ROI traces were generated by taking the mean signal response across the 2 s stimulation period. Signal full width at half-maximal (FWHM) was generated by averaging the horizontal ROI traces during the 2 s stimulation period.

Results {#sec008}
=======

MOB activity is controlled by GABA feedback {#sec009}
-------------------------------------------

Transsynaptic stimulus-dependent spread of intrinsic fluorescence signals in the MOB is consistent with the known circuitry associated with CGs (Uytingco *et al*., accompanying manuscript; \[[@pone.0165343.ref021]\] ([Fig 1](#pone.0165343.g001){ref-type="fig"}). Electrical stimulation of single CGs in horizontal MOB slices produce translaminar spread of fluorescence within the MOB as well as lateral spread across both the GL and EPL ([Fig 2A](#pone.0165343.g002){ref-type="fig"}). The lateral flow of olfactory information within the MOB depends on both excitatory and inhibitory interneurons within the GL and EPL \[[@pone.0165343.ref012], [@pone.0165343.ref022], [@pone.0165343.ref023]\]. To isolate the contribution of excitatory components, MOB slices were treated with 10 μM gabazine (GBZ), a GABA~A~ receptor antagonist. GBZ treatment enhanced the stimulus-dependent signal spread across the MOB layers, and laterally across the GL and EPL ([Fig 2B](#pone.0165343.g002){ref-type="fig"}).

![GABA~A~R antagonist enhances lateral flavoprotein signal spread in the GL and EPL.\
(**A and B**) Representative stimulus-dependent flavoprotein response before treatment (A) and during bath application of 10 μM GBZ (B). (top) Representative overlaid, pseudo-colored ΔF/F images at 2.5s after stimulus initiation (stimulation initiated at 0s). Representative point ROIs (regions of interest; white squares) from stimulated glomerulus, central EPL and neighboring rostral/caudal areas. ONL, olfactory nerve layer; GL, glomerular layer; EPL, external plexiform layer; MCL, mitral cell layer; IPL, internal plexiform layer; GrL, granule cell layer; R, rostral; C, caudal. Asterisk, tip of the stimulating electrode. Targeted glomerulus indicated by dashed circle. Scale bars = 400 μm. (A and B, right) Heat map of the vertical ROI signal response over time. The late flavoprotein signal seen at the top of the image comes from the targeted glomerulus as visualized through the lateral aspect of the MOB slice. (A and B, bottom) Heat maps of the horizontal ROI signal response from the GL and EPL over time. **(C and D)** Mean signal peak of the (C) GL (F~(2,16)~ = 49.2, p = 0.002, n = 9) and (D) EPL (F~(2,16)~ = 5.4, p\<0.001, n = 9) at 360 μm rostral (black), center (white), and 360 μm caudal (gray) areas as indicated in (A). **(E and F)** Following GBZ treatment, the mean FWHM lateral spread in the (E) GL (F~(2,8)~ = 14.0, p = 0.018, n = 9) and (F) EPL (F~(2,8)~ = 21.2, p = 0.009, n = 9) increased when compared to pretreated slices. Differences in the duration of the flavoprotein signal in the rostral and caudal dimensions were not quantified.](pone.0165343.g002){#pone.0165343.g002}

ROIs taken from the stimulated glomerulus and the neighboring rostral/caudal glomeruli ([Fig 2A](#pone.0165343.g002){ref-type="fig"}) demonstrated enhanced stimulus-dependent response amplitude in the GL areas following GBZ treatment (F~(2,16)~ = 49.2, p = 0.002, n = 9; [Fig 2C](#pone.0165343.g002){ref-type="fig"}). A similar increase in response amplitude was observed from the EPL areas directly below the GL ROIs (F~(2,16)~ = 5.4, p\<0.001, n = 9; [Fig 2D](#pone.0165343.g002){ref-type="fig"}). There was also an increase in stimulus-dependent signal spread. Calculated full-width at half-maximal (FWHM) spread at the GL (F~(2,8)~ = 14.0, p = 0.018, n = 9; [Fig 2E](#pone.0165343.g002){ref-type="fig"}) and EPL (F~(2,8)~ = 21.2, p = 0.009, n = 9; [Fig 2F](#pone.0165343.g002){ref-type="fig"}) increased two-fold in the presence of GBZ. Despite the increase in signal amplitude, we observed no difference between rostral and caudal lateral signal spread during GBZ treatment. This symmetry is consistent with our earlier observations (Uytingco et al., accompanying manuscript, DOI: [0165342](http://dx.doi.org/0165342)). Taken together, these data show both amplitude and spatial spread of bulbar responses to sensory nerve input are normally under potent GABAergic modulation.

The interglomerular-interneuron pathway is necessary for GBZ-enhanced lateral spread {#sec010}
------------------------------------------------------------------------------------

There are two known lateral pathways in the MOB: the interglomerular short axon cell network in the GL \[[@pone.0165343.ref010], [@pone.0165343.ref012]\] and the mitral-granule-mitral circuit in the EPL \[[@pone.0165343.ref013], [@pone.0165343.ref014]\]. Past studies used surgical microcuts on bulb slices to isolate the individual pathways to investigate lateral circuit impact on individual recorded neurons \[[@pone.0165343.ref010], [@pone.0165343.ref024], [@pone.0165343.ref025]\]. In order to investigate the impact of these circuits on the entire population activity of the glomerular or granule networks, we utilized the same microcut strategy but instead imaged the metabolically-dependent lateral intrinsic signals.

To examine the contribution of the interglomerular pathway in the lateral spread, a surgical microcut was performed on the GL ([Fig 3A and 3B](#pone.0165343.g003){ref-type="fig"}). Electrical stimulation of the glomerulus caudal to the microcut generated a robust and asymmetric signal spread across the GL and EPL. Stimulus-dependent signal spread was observed caudal to the microcut in both the GL and EPL, but rostral to the microcut within the EPL only ([Fig 3C](#pone.0165343.g003){ref-type="fig"}). The amplitude and distance of the asymmetrical spread was enhanced during GBZ treatment ([Fig 3C](#pone.0165343.g003){ref-type="fig"}). Quantification of the neighboring GL ROIs demonstrated a larger response amplitude on the caudal versus the rostral side of the microcut during GBZ treatment (F~(2,6)~ = 10.02, p = 0.012, Bonferroni t-test, n = 4; [Fig 3D](#pone.0165343.g003){ref-type="fig"}). This asymmetrical response was also observed across the EPL (F~(2,6)~ = 9.72, p = 0.013, Bonferroni t-test, n = 6; [Fig 3E](#pone.0165343.g003){ref-type="fig"}), suggesting that much of the EPL responses must be due to lateral transmission of activity within the GL. To examine this lateral spread, horizontal ROIs were taken from the GL and EPL. Normalized traces from the GL and EPL ([Fig 3F and 3G](#pone.0165343.g003){ref-type="fig"}) indicated failure of stimulus-dependent response spread across the GL microcut under all conditions. GBZ treatment did not alter activity spread within the EPL in regions deep to the other side of the microcut ([Fig 3G](#pone.0165343.g003){ref-type="fig"}). Quantification of the FWHM in recordings of both untreated and GBZ-treated tissue shows asymmetrical signal spread in the GL (F~(2,5)~ = 7.2, p\<0.001, n = 6; [Fig 3H](#pone.0165343.g003){ref-type="fig"}) and EPL (F~(2,5)~ = 0.7, p = 0.02, n = 6; [Fig 3I](#pone.0165343.g003){ref-type="fig"}) upon stimulation of glomeruli caudal to the microcut. Together, these results demonstrate that interglomerular circuitry is necessary for the spread of neuronal activity through the GL. They also indicate that a considerable amount of the activity in the EPL is dependent upon activity spread within the GL.

![Lateral signal spread is dependent on interglomerular pathway.\
**(A)** Schematic of the MOB circuitry with GL surgical microcut, and preservation of the mitral-granule-mitral pathway (red highlights). ONL, olfactory nerve layer; GL, glomerular layer; EPL, external plexiform layer; MCL, mitral cell layer; IPL, internal plexiform layer; GrL, granule cell layer; PG, periglomerular cell; SA, short axon cell; ET, external tufted cell; MC, mitral cell; GC, granule cell. **(B)** Fluorescence image of MOB slice. Asterisk, tip of the stimulating electrode. Targeted glomerulus indicated by dashed circle. Representative point ROIs from neighboring rostral/caudal areas (squares). Scale bar = 400 μm. **(C)**. Overlaid pseudo-colored ΔF/F stimulus-dependent responses before (top) and during (bottom) GBZ treatment at 2.5s after stimulus initiation. **(D and E)** Mean signal peak of the GL (D) (F~(2,6)~ = 10.02, p = 0.012, Bonferroni t-test, n = 4) and EPL (E) (F~(2,6)~ = 9.72, p = 0.013, Bonferroni t-test, n = 6) at 360 μm rostral (black) and 360 μm caudal (gray) of the stimulated glomerulus. **(F and G)** Normalized horizontal signal traces in the GL (F) and EPL (G), before (black) and during (red) GBZ treatment. **(H and I)** Mean FWHM signal spread in the GL (H) (F~(2,5)~ = 7.2, p\<0.001, n = 6) and EPL (I) (F~(2,5)~ = 0.7, p = 0.02, n = 6).](pone.0165343.g003){#pone.0165343.g003}

Lateral activity spread in both the GL and EPL is dependent on reciprocal interactions between the layers {#sec011}
---------------------------------------------------------------------------------------------------------

To examine the spread of activity within the mitral-granule-mitral pathway, we examined stimulus-dependent intrinsic signal spread in horizontal MOB slices receiving an isolated EPL surgical microcut ([Fig 4A and 4B](#pone.0165343.g004){ref-type="fig"}). Stimulus-dependent signal spread was observed across the microcut in the GL, but not the EPL ([Fig 4C](#pone.0165343.g004){ref-type="fig"}). This asymmetrical spread was enhanced following GBZ treatment ([Fig 4C](#pone.0165343.g004){ref-type="fig"}). ROI amplitudes from neighboring GL areas (F~(2,12)~ = 8.32, p = 0.005, Bonferroni t-test, n = 7; [Fig 4D](#pone.0165343.g004){ref-type="fig"}) and EPL (F~(2,12)~ = 14.85, p\<0.001, Bonferroni t-test, n = 7; [Fig 4E](#pone.0165343.g004){ref-type="fig"}) demonstrated a larger response amplitude on the caudal versus rostral side of the microcut during GBZ treatment. GBZ treatment did not enhance signal spread across the microcut in the GL or EPL ([Fig 4F and 4G](#pone.0165343.g004){ref-type="fig"}). Similar to the GL microcut, quantification of the FWHM in recordings of both untreated and GBZ-treated tissue supported an asymmetrical signal spread in the GL (F~(2,8)~ = 12.6, p\<0.001, n = 7; [Fig 4H](#pone.0165343.g004){ref-type="fig"}) and EPL (F~(2,8)~ = 6.6, p\<0.001, n = 7; [Fig 4I](#pone.0165343.g004){ref-type="fig"}). Thus, the EPL microcut prevented spread across the EPL and impacted the spread within the GL. The lateral spread of activity within the GL depends on intact lateral communication within the EPL and vice versa, as shown above. This suggests a reciprocal interaction between circuit elements in both layers is required for normal lateral signal spread in the bulb.

![Lateral signal spread is dependent on the mitral-granule-mitral pathway.\
**(A)** Schematic of the MOB circuitry with EPL surgical microcut, and preservation of the interglomerular-interneuron pathway (red highlights). ONL, olfactory nerve layer; GL, glomerular layer; EPL, external plexiform layer; MCL, mitral cell layer; IPL, internal plexiform layer; GrL, granule cell layer; PG, periglomerular cell; SA, short axon cell; ET, external tufted cell; MC, mitral cell; GC, granule cell. **(B)** Fluorescence image of MOB slice indicating MOB layers, microcut location. Asterisk, tip of the stimulating electrode. Targeted glomerulus indicated by dashed circle. Representative point ROIs from neighboring rostral/caudal areas (squares). Scale bar = 400μm. **(C)** Overlaid pseudo-colored ΔF/F stimulus-dependent responses before (top) and during GBZ treatment (bottom) at 2.5s after stimulus initiation. **(D and E)** Mean signal peak of the (D) GL (F~(2,12)~ = 8.32, p = 0.005, Bonferroni t-test, n = 7) and (E) EPL (F~(2,12)~ = 14.85, p\<0.001, Bonferroni t-test, n = 7) at 360 μm rostral (black) and 360 μm caudal (gray) of the activated glomerulus. **(F and G)** Normalized horizontal signal traces in the GL (F) and EPL (G), before (black) and during (red) GBZ treatment. **(H and I)** Mean FWHM signal spread in the (H) GL (F~(2,8)~ = 12.6, p\<0.001, n = 7) and (I) EPL (F~(2,8)~ = 6.6, p\<0.001, n = 7).](pone.0165343.g004){#pone.0165343.g004}

Necklace glomeruli are functionally interconnected with canonical glomeruli {#sec012}
---------------------------------------------------------------------------

Initial characterizations of the NGs hypothesized that these glomeruli form a unique subdomain of the MOB with preferential interglomerular connections \[[@pone.0165343.ref026]\]. However, tracing studies from individual NGs indicated extensive interglomerular connections to both CGs and other NGs \[[@pone.0165343.ref027]\]. Even so, the degree to which these anatomical connections reflect functional connections between glomeruli remained unclear. We made angled coronal slices that preserve multiple, adjacent NGs and CGs from the MOBs of mice expressing enhanced green fluorescent protein (GFP) under the control of the *Gucy2d* promoter (GCD-GFP mice) \[[@pone.0165343.ref028]\] ([Fig 5A and 5B](#pone.0165343.g005){ref-type="fig"}). From these slices we recorded stimulus-dependent intrinsic flavoprotein and NAD(P)H ([Fig 5C](#pone.0165343.g005){ref-type="fig"}) responses within the NGs and surrounding canonical glomerular areas. Intrinsic signal characteristics following stimulation of either NGs or CGs from the coronal slices had lower GL (F~(2,60)~ = 5.92, p = 0.004; [Fig 5D](#pone.0165343.g005){ref-type="fig"}) and EPL (F~(2,66)~ = 5.92, p = 0.002; [Fig 5E](#pone.0165343.g005){ref-type="fig"}) amplitudes than those observed in CGs stimulation from more rostral regions of the MOB. The caudal-most region of the MOB has a lower density of cells when observed with Nissl staining, and the reduced intrinsic imaging response was likely due to fewer available cells to serve as sources of intrinsic signals. When we compared the intrinsic signal spread after NG stimulation with or without GBZ, similar to rostral bulbar regions, there was an increase in signal amplitude and spread ([Fig 6B and 6C](#pone.0165343.g006){ref-type="fig"}). ROIs of the stimulated CG and NG (F~(1,2)~ = 18.8, p\<0.004; [Fig 6D](#pone.0165343.g006){ref-type="fig"}) and adjacent EPL (F~(1,2)~ = 21.4, p\<0.001; [Fig 6E](#pone.0165343.g006){ref-type="fig"}) exhibited increased intrinsic signal amplitude following GBZ treatment. There was also a corresponding increase in lateral spread in the presence of GBZ, indicating activity in these caudal glomeruli are also heavily modulated by GABAergic circuits.

![Mapping of intrinsic flavoprotein and NAD(P)H fluorescence signals following necklace glomerulus stimulation.\
**(A)** (left) Necklace glomeruli (NGs) innervated by GC-D+ OSNs (arrows) from *Gucy2d-GFP* mice. Anterior olfactory nucleus, AON; lateral olfactory tract, LOT; anterior piriform cortex, aPCX. Scale bar = 1 mm. (right) Schematic of angled coronal slice, where the slices were made 60° from the ventral surface of the main olfactory bulb (MOB). **(B)** Fluorescence image of coronal MOB slice, with the stimulus electrode on a single NG (asterisk). Scale bar = 400 μm. **(C)** Representative stimulus-dependent flavoprotein (top) and NAD(P)H (bottom) response at 1.5s after stimulus initiation. **(D and E)** Mean signal peak of the (D) GL (F~(2,60)~ = 5.92, p = 0.004) and (E) EPL (F~(2,66)~ = 5.92, p = 0.002) from stimulated NG, and CGs from coronal slices (C-CG) and horizontal slices (H-CG).](pone.0165343.g005){#pone.0165343.g005}

![Gabazine treatment enhances lateral signal spread following necklace glomerulus stimulation.\
**(A)** Fluorescence image of coronal MOB slice with stimulus electrode on a single NG (asterisk). Scale bar = 400μm. **(B and C)** Gabazine (GBZ)-treated slices exhibit increased stimulus-dependent flavoprotein (B) and NAD(P)H (C) signal response and spread. **(D and E)** Mean intrinsic signal peak of the (D) GL (F~(1,2)~ = 18.8, p\<0.004) and (E) EPL (F~(1,2)~ = 21.4, p\<0.001) from the stimulated necklace (NG) and canonical glomeruli (CG).](pone.0165343.g006){#pone.0165343.g006}

Next, we quantified the intrinsic signal response of neighboring NGs (nNG) and neighboring CGs (nCG) following individual NG stimulation ([Fig 7A](#pone.0165343.g007){ref-type="fig"}) before and after GBZ addition. As shown previously, normalized intrinsic signal amplitude increased in the presence of GBZ in the GL (F~(1,2)~ = 18.8, p\<0.001; [Fig 7B](#pone.0165343.g007){ref-type="fig"}) and EPL (F~(1,2)~ = 21.4, p\<0.001; [Fig 7C](#pone.0165343.g007){ref-type="fig"}). However, when we compared normalized amplitudes between the GL ([Fig 7B](#pone.0165343.g007){ref-type="fig"}) and EPL areas ([Fig 7C](#pone.0165343.g007){ref-type="fig"}) of equidistant nNGs and nCGs following NG stimulation under untreated or GBZ treatment conditions there were no differences. These experiments could not resolve where the signal spread between glomeruli via the GL, EPL or both. The finding that signals from NGs were equally impacting other NGs as well as CGs suggests that there is not preferential functional interconnectivity within the NG subsystem. Rather, the canonical and GC-D/necklace systems interact at the first sites of synaptic integration.

![Necklace glomeruli are not preferentially connected to other necklace glomeruli.\
**(A)** Schematic indicating stimulation of a central necklace glomerulus (NG) and ROIs (squares) taken from the neighboring canonical glomerulus (nCG, blue) and neighboring necklace glomerulus (nNG, green), and their respective EPL areas. ONL, olfactory nerve layer; GL, glomerular layer; EPL, external plexiform layer; MCL, mitral cell layer; IPL, internal plexiform layer; GrL, granule cell layer; PG, periglomerular cell; SA, short axon cell; ET, external tufted cell; MC, mitral cell; GC, granule cell. **(B)** Normalized signal peak from nNG (white) and nCG (gray), following individual necklace glomeruli stimulation. **(C)** Normalized mean signal peak from the EPL below the nNG and nCG.](pone.0165343.g007){#pone.0165343.g007}

Discussion {#sec013}
==========

Lateral connectivity within the MOB plays a significant role in olfactory information processing. In this study, we used intrinsic fluorescence imaging and surgical microcuts to examine the functional connectivity between neighboring glomerular circuits that are part of distinct olfactory subsystems. These subsystems have different molecular and anatomic pathways; however, using intrinsic imaging we show that activation of individual NGs resulted in robust lateral spread of activity to both other NGs and CGs without any apparent preferential connectivity. Furthermore, we found that the lateral spread of activity between glomeruli in both the canonical and necklace regions are heavily modulated by GABAergic circuits. Finally, both glomerular and external plexiform circuits must be intact for full lateral spread of activity. This suggests there may be a translaminar reciprocal circuit reinforcing activity within lateral circuits present within the MOB.

Lateral excitatory pathways and reciprocal connectivity {#sec014}
-------------------------------------------------------

The interglomerular-interneuron and the mitral-granule-mitral pathways are thought to be the primary interglomerular connections within the MOB. Many studies have indicated that the resulting output of the pathways is lateral inhibition of neighboring glomerular circuits \[[@pone.0165343.ref010], [@pone.0165343.ref011]\]. However, details regarding lateral communicating circuits are still unclear. Voltage-sensitive dye imaging of deafferented MOB surface slices showed widespread depolarization across the GL following individual glomerular stimulation \[[@pone.0165343.ref010]\]. However, we showed that lateral excitation through the GL requires an intact EPL, and vice versa. This suggests the existence of reciprocal connections between the interglomerular and mitral-granule-mitral pathways. Due to the ubiquitous potential of generating intrinsic responses across neurons, our recordings cannot distinguish between excitatory and inhibitory neurons. But the gross circuit organization and net output could still be interpreted. Known translaminar pathways include the mitral cells themselves, as well as extrabulbar centrifugal fiber pathways and translaminar deep short axon cells. Centrifugal fibers project from several higher brain centers, including the olfactory cortices \[[@pone.0165343.ref029]--[@pone.0165343.ref032]\]. Centrifugal pathways are thought to participate in a feedback circuit resulting in the increased odorant-evoked inhibition within the MOB \[[@pone.0165343.ref033]\] and/or the modulation of odorant processing by the secretion of monoamine neurotransmitters \[[@pone.0165343.ref034]--[@pone.0165343.ref039]\]. However, as these rely on axonal connections from higher brain centers it is unlikely they would participate in a retrograde translaminar synaptic circuit in normal conditions. Alternatively, deep short axon cells may participate in the reciprocal connection, as several cell types extend processes from the IPL across into the EPL and GL \[[@pone.0165343.ref040]--[@pone.0165343.ref042]\]. The majority of the deep short axon cells express GABA~A~ receptors and voltage-gated K^+^ channel subunits \[[@pone.0165343.ref042]\] and can target other GABAergic neurons, potentially resulting in disinhibition. While our data indicates the existence of translaminar, mutually-reinforcing activity, the precise glomerular-to-external plexiform circuitry remains to be determined.

Mapping of intrabulbar functional circuitry associated with the GC-D/necklace subsystem {#sec015}
---------------------------------------------------------------------------------------

The GC-D/necklace subsystem is critical for the acquisition of socially transmitted food preferences in response to the coincident detection of food and social odors. Anatomical studies has suggested that the GC-D/necklace subsystem integrates these two olfactory signals due to the heterogeneous sensory innervation and extensive interglomerular connections of NGs with CGs \[[@pone.0165343.ref027]\]. However, functional studies surrounding the necklace glomeruli have been limited due to the caudal positioning of the glomeruli and lack of a slice model for physiology studies. In the caudal slice model developed for this study, we showed that gross activity elicited from stimulation of an individual NG resulted in a robust spread of activity to other NGs as well as nearby CGs. We could observe no preferential connectivity between NGs, indicating that bulbar circuitry of the GC-D/necklace subsystem is functionally integrated with the canonical MOB circuitry. Thus, the initial integration of social cues and general odors may occur within the MOB prior to the higher-level processing at the olfactory cortices. This immediate processing of odorant information suggests an innate significance of the GC-D/necklace subsystem, and accelerates the recognition of a safe food source without the risk of trial and error. However, to resolve the specific roles of NGs in processing olfactory information related to food preference acquisition it remains necessary to identify NG-associated interneurons and the cortical targets of NG-associated projection neurons as well as to characterize the contributions of other putative chemosensory receptors expressed in GC-D+ OSNs that could respond to food components \[[@pone.0165343.ref043]\].

The integration of food and social chemostimuli in the MOB has implications for how semiochemical cues are processed in the context of general odors, such as altering the odorant-evoked output of the neighboring canonical circuits. Anatomically, the distribution of NGs in the caudal MOB allows for the GC-D/necklace subsystem to interact with multiple CG circuits, as well as glomerular clusters that exhibit anatomical and functional topographical organizations \[[@pone.0165343.ref044]--[@pone.0165343.ref049]\]. Glomeruli on the surface of the MOB exhibit distinct topographical organization, with groups of glomeruli responding to specific odorant molecular functional groups \[[@pone.0165343.ref045]--[@pone.0165343.ref047]\], along with the broader zonal organization that correspond to the distribution of OSNs on the olfactory epithelium \[[@pone.0165343.ref002], [@pone.0165343.ref050]\]. The ability of the GC-D/necklace subsystem to interact with other glomerular clusters suggests that the initial associations of social and food odors necessary for food preference formation could occur at the level of MOB. Additionally, bulbar circuitry may be involved in saliency in the processing of sensory information and more than a simple contrast enhancing 'pass through' circuit relay. While the current study highlights the functional connectivity of the NG circuitry, additional studies are required to to identify the neurons in those circuits and to determine how NGs activity modulates the output of neighboring glomerular neurons.

[^1]: **Competing Interests:**The authors have declared that no competing interests exist.

[^2]: **Conceptualization:** CRU ACP SDM.**Data curation:** CRU.**Formal analysis:** CRU.**Funding acquisition:** SDM.**Investigation:** CRU.**Methodology:** CRU ACP SDM.**Project administration:** CRU SDM.**Resources:** ACP SDM.**Software:** CRU.**Supervision:** ACP SDM.**Validation:** CRU.**Visualization:** CRU.**Writing -- original draft:** CRU.**Writing -- review & editing:** CRU ACP SDM.

[^3]: Current address: Department of Pharmacology and Therapeutics, University of Florida, Gainesville, Florida, United States of America
